Trace element compositions of clinopyroxene and oxidation state measurements are both useful parameters for constraining metasomatic interactions within the subcontinental lithospheric mantle (SCLM). Laser ablation inductively coupled plasma mass spectrometry analyses of trace elements in clinopyroxene in combination with oxidation state data from the same samples provide a fuller picture of the metasomatic processes that occurred within the SCLM below the French Massif Central (FMC). A total of 89 spinel peridotite xenoliths from 39 localities across the FMC document variable degrees of partial melting and metasomatism at both regional and local scales. According to the degree of enrichment in light rare earth elements (LREE) and middle rare earth elements (MREE) in clinopyroxene, four main groups (A, B, C and D) are identified. Variations in other trace element concentrations are consistent with these groups. LREE enrichment correlates with a tendency to higher oxygen fugacity (fO 2 ). These characteristics, along with their Ti/Eu-Zr/Hf systematics, are useful in assessing the different metasomatic agents that have interacted with the FMC SCLM. The behaviour of Lu and Hf additionally provides a means for distinguishing secondary clinopyroxene grains from those that have been overprinted. Most samples have been affected by cryptic metasomatism and different signatures indicate interaction with different types of metasomatic agent. Modal metasomatism is apparent by the presence of amphibole or secondary clinopyroxene. The lack of any notable trace element or redox signature related to the occurrence of amphibole suggests that it formed from small amounts of dilute H 2 O-rich fluids. Most samples from the northern sector of the FMC are fairly refractory and clinopyroxene exhibits a 'tick-shaped' REE signature (group D), consistent with metasomatism by subduction-related fluids during Variscan times. Such fluids were oxidizing (Dlog fO 2 values > FMQ þ 1, where FMQ is the fayalitemagnetite-quartz buffer) and responsible for LREE enrichment in clinopyroxene and low concentrations of the less mobile elements such as Ti, Eu, Zr and Hf. Clinopyroxene in several samples has very low Ti/Eu, elevated (La/Yb) N and suprachondritic Zr/Hf ratios, reflecting local carbonatite metasomatism. These samples also record oxidizing conditions, with Dlog fO 2 values > FMQ þ 1. Many other samples have clinopyroxenes with higher Ti/Eu and approximately chondritic Zr/Hf ratios, consistent with having undergone silicate melt metasomatism. Their chondrite-normalized REE element patterns vary from LREE-depleted to relatively flat (group A), indicating small but variable metasomatic enrichments in the more mobile elements, which can be attributed to chromatographic effects during reactive flow. The oxidation states of these samples record Dlog fO 2 $ FMQ þ 0Á4 6 0Á5. Some samples have clinopyroxene with negative Zr and Hf anomalies and distinctly low Ti/Eu (<2000), but not as low as expected for carbonatite metasomatism. These may V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
The subcontinental lithospheric mantle (SCLM) can be chemically modified by partial melting and metasomatic interactions caused by infiltrating fluids or melts. Because the type of metasomatic overprint depends on different parameters such as fluid or melt composition, migration mechanism or even the composition of the mantle peridotite, it is difficult to characterize the metasomatic agents (e.g. Dawson, 1982) . Disappearance of mineral phases or even the crystallization of new minerals can be a result of such interaction. The presence of newly formed mineral phases such as amphibole, apatite or phlogopite is referred to as 'modal' metasomatism, whereas the occurrence of secondary metasomatic clinopyroxene (cpx) may be difficult to distinguish texturally. 'Cryptic' metasomatism is a geochemical overprint of pre-existing mineral phases, expressed by changes in trace element or isotope composition rather than by the formation of any new phase.
Mantle peridotite xenoliths brought to the surface by Tertiary and Quaternary volcanism in the French Massif Central (FMC) are fragments of the underlying SCLM. Intraplate alkaline basaltic and basanitic magmatism (Wilson & Downes, 1991) was responsible for the formation of 12 volcanic fields as well as isolated volcanoes distributed over a wide geographical area (Fig. 1) . The different fields were active from the Late Eocene to the Holocene (Maury & Varet, 1980; Briot & Harmon, 1989) .
In the FMC, melts or fluids have left their geochemical fingerprint on the SCLM, especially in clinopyroxene or in secondary amphibole or phlogopite (e.g. Downes et al., 2003) , making their compositions useful for characterizing the metasomatic agents. Moreover, metasomatic processes can cause changes in oxidation state. Thus, oxygen fugacity measurements can provide further constraints on the geochemical processes in the SCLM (e.g. Uenver-Thiele et al., 2014) . Foley (2011) provided a global compilation of literature data demonstrating a heterogeneous oxidation state in non-cratonic SCLM. This implies that various types and degrees of metasomatism have most probably overprinted the earlier signature of the SCLM peridotite, which may have originally been similar to abyssal mantle. In a previous study of the oxidation state of the SCLM beneath the FMC, UenverThiele et al. (2014) demonstrated that interactions with migrating metasomatic fluids or melts had caused changes in oxidation state.
Studies of mantle-derived xenoliths from the FMC suggest the existence of two distinct SCLM domains that were amalgamated during the Variscan orogeny (Lenoir et al., 2000; Downes et al., 2003; Wittig et al., 2006) . Lenoir et al. (2000) proposed that the boundary between the two domains runs approximately eastwest at 45 30'N. The northern domain is generally more refractory, but has undergone pervasive re-enrichment of light rare earth elements (LREE; Downes et al., 2003) , whereas the southern domain is less depleted, similar to mid-ocean ridge basalt (MORB)-source mantle (DMM; Lenoir et al., 2000) . Uenver-Thiele et al. (2014) also found differences in oxidation state, with the northern mantle domain being generally more oxidized than the southern domain. Although trace element data for clinopyroxene from a few samples from the two domains indicate different types and degrees of metasomatism (e.g. Downes et al., 2003; Touron et al., 2008; Wittig et al., 2007) , the processes responsible for these differences are still not well understood.
Trace element compositions of mantle xenoliths are often reported separately from oxidation state determinations, although both parameters are very useful for investigating metasomatic events. Based on a limited number of samples, Uenver-Thiele et al. (2014) described a link between oxidation state and the REE signatures of clinopyroxene, giving additional clues to the various types of metasomatism in the SCLM underneath the FMC. Considering the different metasomatic processes that appear to have affected the region (e.g. Zangana et al., 1997; Lenoir et al., 2000; Downes et al., 2003; Wittig et al., 2006; Touron et al., 2008; UenverThiele et al., 2014) , we have undertaken an extensive study of trace element concentrations of clinopyroxene and combined these results with the oxidation state data of Uenver-Thiele et al. (2014) for the same samples. Our dataset now encompasses samples from 39 localities, providing insights into the nature of the metasomatic agents responsible for local and regional geochemical heterogeneities in the SCLM. We focus on trace element signatures of clinopyroxene rather than on whole-rock concentrations to avoid contributions from grain-boundary phases that may have formed by interaction with the host magma or during subsequent alteration.
Oxidation state
Oxidation states for our suite of spinel peridotites were reported by Uenver-Thiele et al. (2014) and results are only briefly summarized here. Generally, measured log fO 2 values relative to the fayalite-magnetite-quartz reference buffer (Dlog fO 2 ) range between FMQ -0Á47 and FMQ þ 1Á66. These data confirmed the existence of two juxtaposed mantle domains. Northern domain peridotites tend to have higher Dlog fO 2 values, although most samples are harzburgites with $FMQ þ 1. The Dlog fO 2 values of southern domain peridotites record a lower fO 2 range and exhibit more variability ($FMQ þ 0Á6 6 0Á3); however, most samples are lherzolites. In addition, southern domain lherzolites exhibit a subtle gradient in fO 2 increasing from south to north.
Correlations between fO 2 , rock type and texture, as well as the extent of metasomatism, were reported by Uenver-Thiele et al. (2014) . The occurrence of secondary amphibole or clinopyroxene in southern domain samples indicates modal metasomatism. Although amphibole-bearing samples record elevated fO 2 values, they are not the highest fO 2 values observed. Wehrlitic peridotites with secondary clinopyroxene exhibit Dlog fO 2 values > FMQ þ 1, indicating a more oxidizing type of modal metasomatism; however, the most oxidized samples are those showing cryptic metasomatism. Some samples of Downes et al. (2003) from two localities in the northern domain [Montboissier (Mb) and Fraisse (Fr) in Fig. 1 ] exhibit different degrees of LREE enrichment in clinopyroxene and those with higher fO 2 values tend to exhibit stronger LREE enrichment, even when uncertainties of 60Á2À0Á3 log units in Dlog fO 2 are considered (Uenver-Thiele et al., 2014).
SAMPLE SELECTION
Xenoliths chosen for trace element analysis comprise a subset of those investigated by Uenver-Thiele et al. (2014) . Samples without clinopyroxene or with grains exhibiting exsolution lamellae were excluded, as well as clinopyroxenes containing extensive amounts of inclusions, cracks or distinct alteration. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) measurements were made on clinopyroxenes from 65 samples. Together with compositional data reported by Zangana et al. (1997 Zangana et al. ( , 1999 and Downes et al. (2003) , there is a total of 89 samples for which both oxidation state and trace element data are now available (Table 1) . This covers 39 localities in the FMC, over an area of $20 000 km 2 (Fig. 1) . Ten localities lie in the northern domain, distributed over six volcanic fields (Petite Chaîne de la Sioule, Chaîne des Puys, Livradois, Forez, Mont Dore and Cezallier). The remaining 29 localities lie within the southern domain (Fig. 1) .
The petrographic characteristics of the xenoliths and their equilibration temperatures have been provided by Zangana et al. (1997) , Downes et al. (2003) and UenverThiele et al. (2014) . Most samples are protogranular, with others displaying weakly developed porphyroclastic textures. Stronger deformation is observed in a few equigranular samples (Table 1; Mercier & Nicolas, 1975) . Clinopyroxene in most samples exhibits trace element characteristics indicative of cryptic metasomatism that we refer to here as 'overprinted'. The metasomatic addition of clinopyroxene (secondary) is observed in several samples from Ray Pic, including a wehrlite (RP 87-7), a composite xenolith (RP91-18) with clinopyroxene-rich patches and two other xenoliths that contain green clinopyroxene in veins with sharp contacts (RP83-71, RP87-6; Zangana et al., 1997 Zangana et al., , 1999 . The presence of secondary clinopyroxene in samples 53A-1 and STMA-B is suggested by their major and trace element compositions (see below), but cannot be substantiated texturally. Traces of amphibole ( 2 vol. %) were observed in several xenoliths from the southern domain, especially those with protogranular or protogranular-porphyroclastic textures (Uenver-Thiele et al., 2014) . In most cases, this phase occurs as isolated interstitial grains, but it can also be spatially associated with spinel as observed in samples from L'Estrade ('LEs' in Fig. 1 ; Uenver-Thiele et al., 2014) . Northern domain samples analyzed here contain no volatile-rich phases; however, amphibole-or phlogopite-bearing xenoliths from Puy de Beaunit (PB in Fig. 1 ) were reported by Downes & Dupuy (1987) and Yoshikawa et al. (2010) .
ANALYTICAL TECHNIQUES
Microprobe analyses of clinopyroxene were carried out with a JEOL JXA-8900 Superprobe at the Institut fü r Geowissenschaften in Frankfurt am Main, Germany. Data were collected at 15 kV and 20 nA with a 3 mm spot diameter. Measurements on thin sections or polished grain mounts were performed in wavelength-dispersive mode with counting times of 20-40 s on the peak and 15À40 s on background (depending on element). Representative microprobe analyses of clinopyroxene from each sample were reported by Uenver-Thiele et al. (2014) . Additional analyses of clinopyroxenes from selected samples are provided in Table 2 .
For the LA-ICP-MS measurements, clean clinopyroxene grains were selected by hand picking under a binocular microscope and were mounted in epoxy resin and polished. We chose this approach rather than making in situ measurements on thin sections for two reasons: (1) this study was intended to be a survey of a large number of samples from many localities; (2) PH1  PH  B  H  pr  D  0Á91  ST2  ST  B  L  pr  D  1Á66  ST-A  ST  B  H  cpr  B  1Á21  ST-B  ST  B  L  p  B  0Á48  Chaîne des Puys  53A-1  PB  P  H 
RESULTS

Major element composition of clinopyroxene
Major and minor element compositions of clinopyroxene were reported and briefly discussed by UenverThiele et al. (2014) . They are Al-rich Cr-diopsides with 0Á5-1Á6 wt % Cr 2 O 3 . Northern domain clinopyroxenes exhibit generally low Al 2 O 3 contents (<4Á5 wt %), although in three samples higher abundances were found (Fig. 2) . In contrast, southern domain clinopyroxenes have mostly higher Al 2 O 3 contents (>5 wt %). This reflects the larger proportion of harzburgites in the suite 
*Locality abbreviations are as in Fig. 1 Downes et al. (2003) . CaO contents behave in the reverse manner (mostly > 21 wt % in the north compared with < 21 wt % in the south; Fig. 3 ). Although the TiO 2 contents are generally low (<0Á8 wt %), clinopyroxenes from lherzolites commonly have higher contents than those from harzburgites (Uenver-Thiele et al., 2014). Major and minor element compositions of clinopyroxene from northern domain samples 53A-1 (Puy de Beaunit) and STMA-B (Saint Maurice) provide evidence for two distinct clinopyroxene populations (Table 2) . One population has slightly higher Mg and Cr and lower Al and Fe contents than the other clinopyroxenes (Figs 2 and 3; Table 2 ).
Trace element composition of clinopyroxene
Most analyses of multiple grains from a given sample yielded consistent results within analytical uncertainties ( Fig. 4a-d ; Table 3 ; Supplementary Data Electronic Appendix 1). Exceptions are samples MC-D, MC-F, CON-A, 55A-2 and LA-F, which exhibit some intergrain differences, although their chondrite-normalized REE patterns are similar (e.g. Fig. 4e-h ). In contrast, the two clinopyroxene populations in samples STMA-B and 53A-1 have distinctly different REE patterns ( Fig. 5a and b). Heavy REE (HREE) concentrations are generally similar in all samples, whereas LREE abundances vary by orders of magnitude from sample to sample ( Fig. 4a and h; Table 3 ; Supplementary Data Electronic Appendix 1). No significant differences in REE signatures are apparent between amphibole-bearing and anhydrous xenoliths.
Based upon chondrite-normalized REE patterns, the samples can be subdivided into four major groups that we designate A, B, C and D (Fig. 6 ). Group A is characterized by LREE-depleted to undepleted clinopyroxenes, with relatively flat middle REE (MREE) and HREE. The degree of depletion in LREE is variable, but not extreme. In a number of samples, slight enrichments in La and Ce are even observable. For most samples of this group, unnormalized La/Ce and Nd/Yb are in the range of 0Á15À0Á6 and 2Á0À3Á5, respectively (Fig. 7) . Group B exhibits LREE enrichments that can be very strong (i.e. La N up to nearly 200; Supplementary Data Electronic Appendix 1), whereas MREE remain mostly flat (Fig. 6 ). For these clinopyroxenes, La/Ce ranges from !0Á4 to $1Á4, whereas Nd/Yb varies from 2Á0 to 11 (Fig. 7) . In contrast, group C clinopyroxenes record a steady increase from MREE to LREE, but with a leveling off in LREE (Figs 5b and 6 ). These clinopyroxenes exhibit a more limited variation in La/Ce from 0Á2 to 0Á7, but Nd/ Yb is much higher with values from 5 to 35 (Fig. 7) . These three main groups of REE patterns (A, B and C) occur in both the northern and southern mantle domains. The fourth group D exhibits a 'tick-shaped' pattern, with depletion in MREE relative to HREE and strong enrichment in LREE (Fig. 6 ). This results in high La/Ce values between 0Á6 and 2Á0, but very low Nd/Yb values < 1Á5, lower than that observed for any other group (Fig. 7 ). This pattern is common only for northern domain clinopyroxene. Some samples exhibit variable REE signatures illustrating a transition from one group to another ( Fig. 4f-h ). For example, two clinopyroxene grains in sample CON-A belong to group A, but a third tends toward a group B signature (Fig. 4g) . Likewise, clinopyroxenes in LA-F reveal a transition from group D to group C (Fig. 4f) , crossing over the trend defined by the group B samples in Fig. 7 .
The different groups of clinopyroxene can also be discriminated by variations in the concentration of other trace elements such as Sr, Ti and the high field strength elements (HFSE) Zr and Hf (see Figs 8 and 9a, b) . Group A clinopyroxene is marked by relatively low Sr contents of 60 6 30 mg g -1 and Ti abundances > 2800 mg g -1 (Fig. 8 ). They have a relatively constant Zr/Hf of $ 25-40 ( Fig. 9a and b ; Table 3 ). In contrast, group B and C clinopyroxenes have low Ti contents (<3000 mg g -1 ) and significantly higher Sr concentrations, up to $620 mg g -1 ( Fig. 8 ; Table 3 ). 
b.d.l., below detection limit. *Parentheses indicate transition from one group to another. Compared with group B, group C clinopyroxene exhibits greater variability in both Ti and Sr contents (Fig. 8) . Sample RP87-7 (group C) stands out not only because it is a wehrlite, but also because its clinopyroxene has the highest abundances of Sr (623 mg g -1
) and Zr (174 mg g -1 ) (Zangana et al., 1999; Figs 8 and 9a) . In terms of Zr and Hf contents, as well as Zr/Hf ratios, groups B and C generally lie in the same range as group A clinopyroxene ( Fig. 9a and b) . Again, group C clinopyroxenes exhibit greater variations in Zr/Hf, ranging from <20 to $80 ( Fig. 9a and b A-type clinopyroxenes, although Zr contents are also relatively elevated ( Fig. 9a and b) . Group D clinopyroxene grains differ significantly from all other groups in having very low Ti and Sr concentrations (Fig. 8) , except for sample Mb1, which records one of the highest Sr contents (456 mg g -1 ). Group D clinopyroxenes have Zr/Hf mostly < 20 (Fig. 9a and b) . The lower ratios cannot be attributed to addition of Hf as these clinopyroxene grains contain orders of magnitude less Hf compared with the other groups (Fig. 9b) . The same also holds for Zr (Fig. 9a) . Sample LA-F exhibits a certain degree of intergrain trace element heterogeneity (Fig. 4f) . Grains in this sample with group D 'tick-mark' REE signatures have low Zr/Hf ratios of $10, whereas those with a more B-like pattern record the highest Zr/Hf (up to 140) of any clinopyroxene in our sample suite. The geochemical character of clinopyroxene in our two samples from Les Angles (LA-A, LA-F) is more like that for northern domain samples than the south, where no 'tick-mark' REE signature has been observed. On this basis we propose that the boundary between the two domains defined by Lenoir et al. (2000) lies somewhat to the south, near 45 20'N, as depicted in Fig. 1 .
DISCUSSION
Textural, geochemical and redox characteristics of the peridotite xenoliths indicate that the SCLM beneath the FMC experienced depletion through partial melting as well as subsequent metasomatic interactions (UenverThiele et al., 2014). Therefore, we first discuss the characteristics attributable to partial melting before addressing the influence of metasomatism on clinopyroxene geochemistry and redox state. We then consider the potential agents responsible for the various metasomatic signatures.
Partial melting
In their characterization of the northern and southern SCLM domains beneath the FMC, both Lenoir et al. (2000) and Downes et al. (2003) found more refractory lithologies in the north, implying higher degrees of partial melt extraction in this domain. We have modelled the degree of partial melting following different approaches. Applying the relationship between the Cr# [Cr/(Cr þ Al)] of spinel and the extent of partial melting proposed by Batanova et al. (1998) , we obtain degrees of melting mostly between 8 and 19% for the northern domain (Supplementary Data Electronic Appendix 1). In contrast, the Cr# of spinels from the southern domain xenoliths generally imply much lower degrees of melt extraction of 1À6%, although a few samples suggest up to $17% melting (Fig. 10) . Many clinopyroxenes from the northern domain have higher Mg (Fig. 2) and Cr contents than those from the south, which also suggests greater degrees of partial melting in the north. The simple melting model of Norman (1998) , using Lu and Yb concentrations in clinopyroxene, indicates at least $7% fractional melting for most northern domain xenoliths, although several samples such as 78-LU3 from Puy de Bessoles are apparently much more fertile, suggesting only $1% melt extraction ( Fig. 11a ; Supplementary Data Electronic Appendix 1). On the other hand, southern domain clinopyroxenes generally yield low degrees of melting ( 5%), except for several samples that require up to $12% fractional melting, and one harzburgite (MC-B) must have undergone an even higher degree of melting of $17% (Fig. 11a) . Although such degrees of partial melt extraction appear to be reasonable compared with other studies of European SCLM (e.g. Dobosi et al., 2010; MatusiakMalek et al., 2010; Denis et al., 2015) , the results of such calculations can be deceiving. For example, considering the Lu and Yb concentrations in clinopyroxene from samples 53A-1 and STMA-B, it is clear that processes other than partial melting can influence the position of clinopyroxene in a Lu-Yb plot (Fig. 11b) . Whereas one clinopyroxene population in sample 53A-1 suggests that $4% melt extraction has occurred, the compositions of other clinopyroxene grains in the same sample are consistent with 10-15% partial melting. The different REE signatures for these two clinopyroxene populations (Fig. 5a ) indicate that this shift is clearly a result of metasomatism rather than variable degrees of partial melting within a single xenolith. The two populations of clinopyroxene in sample STMA-B imply an even more extreme dichotomy in apparent degree of partial melting of $3% and 20% (Fig. 11b) .
Comparison of melting fractions derived from Cr# of spinel and from Lu-Yb concentrations in clinopyroxene indicate a number of discrepant samples. Whereas most clinopyroxenes from groups A and D yield degrees of melting in agreement with those calculated from spinel, those belonging to groups B and C give inconsistent results (Fig. 10) . In many cases, a higher degree of melt extraction is calculated from spinel compared with that from the Lu-Yb systematics of clinopyroxene. For example, sample 78-LU3 appears to be fertile with chondrite-normalized Yb and Lu concentrations in clinopyroxene >12, implying only $1% partial melting, yet it is a harzburgite (Uenver-Thiele et al., 2014) and its Cr# of spinel yields a degree of melting of $12% (Fig. 10) . Considering that Cr# is a relatively robust parameter that is not easily reset without altering the spinel texture, this difference in calculated melt fraction implies an addition of HREE recorded by the clinopyroxene. However, some samples with group B clinopyroxene behave in the opposite sense, with somewhat higher degrees of melting recorded by the Lu-Yb systematics compared with that from the Cr# of spinel (Fig. 10) . This would imply a metasomatic process that removed HREE from the clinopyroxene. These results demonstrate that metasomatic interactions can significantly affect the HREE concentrations of clinopyroxene to the point that they are no longer reliable indicators of the extent of melt extraction. Such interactions could explain the very high degrees of partial melt extraction ($25%) calculated by Wittig et al. (2006) for several peridotite xenoliths from the northern domain. It can also lead to false interpretations based solely on REE patterns.
To further investigate the effects of partial melting on clinopyroxene, we applied a more rigorous treatment of non-modal fractional melting for spinel peridotite following the approach of Johnson et al. (1990) using the partition coefficients, initial mineralogy and melting mode presented in Supplementary Data Electronic Appendix 2. Element concentrations in residual clinopyroxene were computed from equation (A5) of Johnson et al. (1990) and can be compared with our measurements. As there is no evidence for Fe-Ti metasomatism (Menzies & Hawkesworth, 1987) (Fig. 12a and b) , considering that Ti contents may be unaffected by metasomatic resetting in a similar way to Cr in spinel. Such element combinations were successfully applied by Bizimis et al. (2000) in their study of supra-subduction zone peridotite xenoliths. Group A clinopyroxenes fall along the designated melting path and imply 1-10% melt extraction ( Fig. 12a and  b ). This agrees with the assessment of many group A samples using both Lu-Yb systematics in clinopyroxene and Cr# in coexisting spinel (Fig. 10) . In terms of TiDy and Ti-Yb behaviour, group B clinopyroxenes exhibit more scatter, but also tend to fall along the melting path ( Fig. 12a and b) . This is not the case for many clinopyroxenes from groups C and D. For group D clinopyroxenes, it appears that metasomatism of these mostly harzburgitic samples led to small additions of both MREE and HREE, assuming that Ti contents remained unmodified during this process. Stronger departures from the melting path are observed for group C clinopyroxenes and can plausibly be related to addition or removal of MREE and HREE during metasomatism, consistent with these samples' behaviour in Fig. 10 . This includes the clinopyroxenes in sample MC-B ( Fig. 12a and  b) . Thus, we conclude that the immobility of HREE during metasomatism cannot always be assumed when modelling partial melting. Such a conclusion was also reached by Malarkey et al. (2011) and Dobosi et al. (2010) in their studies of xenoliths from the Middle Atlas (Morocco) and Pannonian Basin (Hungary), respectively. Based upon the fractionation of HREE in many northern domain samples, Lenoir et al. (2000) suggested that melt extraction occurred in the presence of garnet rather than in the spinel peridotite field. This interpretation is consistent with the occurrence of spinelpyroxene clusters, which were interpreted to represent the breakdown products of garnet (e.g. Mercier & Nicolas, 1975 ) that developed during subsequent uplift during crustal thinning and Neogene magmatism (Downes et al., 2003) . Such samples would correspond to those of group D clinopyroxene, in which the normalized HREE concentrations remain relatively high compared with the strong depletions in MREE (Figs 4e and 6 ). High Lu/Hf values in these clinopyroxenes further support the presence of garnet during partial melting (Table 3 peridotite field. However, it is questionable whether any clinopyroxene would have survived such high degrees of melting. Thus, in light of the observed metasomatically driven changes in HREE concentrations and Lu-Yb systematics described above, the presence of garnet during melting is highly likely.
Metasomatism
Clinopyroxenes exhibiting enrichment in LREE and other trace elements cannot be explained solely by partial melting processes, but must have also experienced metasomatic interactions. The different groups of REE patterns represent snapshots of different types of metasomatic agents and/or variable effects of percolating melt or fluid interacting with peridotite wallrock. In the latter situation, percolation leads to spatial changes in trace element concentrations as a result of chromatographic processes that are controlled by the relative mineral/melt partition coefficients of each trace element (e.g. Navon & Stolper, 1987; Ionov et al., 2002) . Thus, the same initial metasomatic agent can produce a range of trace element signatures as a function of distance from a source (i.e. a channel) through reactive flow. We now consider the observed metasomatic fingerprints and discuss the types of metasomatic agents responsible for the cryptic and modal enrichments and whether the different trace element signatures could be related through chromatographic processes.
An influence from amphibole?
The occurrence of amphibole in mantle peridotites is an indicator of modal metasomatism. Some samples with group A clinopyroxene contain small amounts of disseminated amphibole. However, we find no significant difference in clinopyroxene REE signatures or Sr, Ti, Zr and Hf concentrations between amphibolebearing and amphibole-free samples, probably because of the very low modal amounts ( 2%) of amphibole (Uenver-Thiele et al., 2014). Similar behaviour was observed for amphibole-poor peridotites ($1% amphibole) from Mont Brianc¸on and Marais de Limagne by Touron et al. (2008) and from Ray Pic by Denis et al. (2015) . Only at higher amphibole contents ($7À8%) did Touron et al. (2008) find coexisting clinopyroxene with distinctly elevated LREE concentrations that are similar to those of our group C. Xu et al. (2000) also reported LREE-enriched clinopyroxene in samples from SE China containing variable amounts of amphibole, but it appears that trace quantities of amphibole in mantle peridotite do not necessarily signal extensive metasomatic overprinting of coexisting phases. The occurrence of amphibole in samples containing group A clinopyroxenes is inconsistent with the reactive flow model, as amphibole should crystallize in the vicinity of the metasomatic source or conduit where equilibrium with the initial melt is approached (Ionov et al., 2002) . However, the minor metasomatic effects suggested by the REE signatures of such clinopyroxenes indicate that the samples must lie at greater distances from the local melt source (see below). Thus, although the trace element signatures of these two groups can reasonably be understood in the context of the reactive flow model, the amphibole in these samples must be related to another event. In addition, none of our samples with group B or D clinopyroxene contain amphibole, indicating that the link between amphibole and LREE enrichment suggested by Touron et al. (2008) is not universal. (Norman, 1998) plotted against that calculated from the Cr# of spinel (Batanova et al., 1998) . The thick line depicts a 1:1 correlation between the two methods of calculation. The thin lines delineate deviations of 6 1 % partial melting from this ideal correlation.
Likewise, some samples containing C-type clinopyroxenes are amphibole-bearing, whereas others are amphibole-free (Supplementary Data Electronic Appendix 1). This implies that the presence of amphibole is not an essential part of this type of metasomatic fingerprint and may in fact be unrelated. For example, clinopyroxene in samples 28-5 and 28-4 from Rochelambert ('R' in Fig. 1 ) have nearly identical REE patterns, but only sample 28-5 contains amphibole (Table 3 
Cryptic metasomatic fingerprints
Group A clinopyroxenes exhibit LREE-depleted signatures that are consistent with various degrees of partial melting (see above) with apparently little to no metasomatic influence. This conclusion is supported by (1) their La/Ce and Nd/Yb ratios that cluster at or below primitive mantle values ( Fig. 7 ) of (a) Ti vs Dy and (b) Ti vs Yb in clinopyroxene from xenoliths from the Massif Central, grouped in terms of their REE signature as portrayed in Fig. 6 . A non-modal fractional melting model (Johnson et al., 1990) is also plotted, calculated using the parameters listed in Supplementary Data Electronic Appendix 3. Numbers refer to the per cent melt extraction. 1995) and (2) the consistency in the degrees of partial melt extraction for these samples calculated on the basis of both Cr# in spinel and Lu-Yb systematics in clinopyroxene (Fig. 10) . The LREE-depleted signatures grade into the relatively flat patterns and suggest that a slightly stronger metasomatic overprint has led to reenrichment of LREE in some samples. This gradation can even occur between grains in a single xenolith (e.g. MBAR-A, Supplementary Data Electronic Appendix 1). Thus, we consider such samples to have been located far enough from the metasomatic source for chromatographic effects to have perturbed only the LREE concentrations (see e.g. Ionov et al., 2002) . The systematics of other elements in group A clinopyroxenes, such as Eu or Zr and Hf, reflect behaviour expected from partial melting (Hill et al., 2011) , although some data scatter can be attributed to metasomatic interactions (Fig. 13) . However, even this model is probably too simplified. For example, one population of clinopyroxene in sample 53A-1 belongs to group A (Fig. 5a) , with the Lu-Yb systematics implying $4% partial melt extraction (Fig.  11b) . This is not consistent with the harzburgitic nature of the coexisting spinel [Cr# ¼ 0Á49, implying $19% partial melting from the model of Batanova et al. (1998) ].
Thus, it appears that these clinopyroxenes record refertilization that has reset trace element concentrations, possibly similar to that suggested by Le Roux et al. (2007) for the formation of lherzolite from harzburgite in the Lherz orogenic peridotite massif. Such refertilization would be more difficult to detect in lherzolites. In terms of oxidation state, samples containing clinopyroxenes belonging to group A exhibit a range in Dlog fO 2 from just below FMQ to $FMQ þ 1 (Fig. 14; Uenver Thiele et al., 2014) . This range illustrates the point made by Uenver-Thiele et al. (2014) that even small degrees of metasomatic interaction can reset the oxidation state of mantle peridotite, especially for harzburgitic compositions in which little buffering can occur. The two samples from group A that record the highest fO 2 (Dlog fO 2 > FMQ þ 1; RP91-2 and 22-7) have clinopyroxenes with REE patterns that are transitional to group B (Supplementary Data Electronic Appendix 1) . Thus, the metasomatic fingerprint of the group A samples includes a general oxidation from Dlog fO 2 values up to $FMQ þ 0Á8 (Fig. 14) .
Group B clinopyroxenes are LREE-enriched and have elevated La/Ce (Figs 6 and 7) , characteristics attributable to metasomatic interaction rather than partial melting. Some group B clinopyroxenes, such as those found in STMA-B and MB57, have distinctly lower Lu/Hf compared with group A clinopyroxenes with similar Hf concentrations (Fig. 15) . Because the partition coefficients for these two elements will lead to higher Lu/Hf with increasing partial melt extraction (see Supplementary Data Electronic Appendix 2; Wittig et al., 2006) , a shift in this ratio to lower values is most logically explained by formation of secondary clinopyroxene. A metasomatic origin could also explain the strong deviation observed in the Ti-Dy and Ti-Yb systematics for these two samples ( Fig. 12a and b) compared with other samples and would imply formation from a source particularly low in Ti. As a result, they also record some of the lowest Ti/ Eu ratios in our suite (Fig. 13) . Other group B clinopyroxenes exhibit less extreme signatures, but also tend toward lower Ti/Eu (Fig. 13) . Compared with the degree of melt extraction calculated from Cr# in spinel, values based upon Lu-Yb systematics in group B clinopyroxene are both higher and lower, implying partial removal or addition of HREE during metasomatism, respectively (Fig. 10) . This is consistent with the deviations observed in Ti-Dy and Ti-Yb systematics described above ( Fig.  12a and b) .
The variable LREE enrichment of single clinopyroxene grains in some samples such as CON-A and MC-D indicates that a transition from group A-to B-type signatures occurred at a centimeter-scale ( Fig. 4g and h ). This behaviour could be related to chromatographic effects as described by Ionov et al. (2002) . Our group B signatures resemble those of their type 1 clinopyroxene that develop at a significant distance from the metasomatic source (see their fig. 16 ). However, reactive flow cannot be the only mechanism that produces B-type signatures, as clinopyroxene in other samples such as ST-A and ST-B exhibits negative Zr and Hf anomalies (Fig. 16a) , which are not generated by such a process. Expected positive Sr anomalies (Ionov et al., 2002) are only occasionally observed (Fig. 16b) . In addition, observed depletions in HREE are inconsistent with the chromatographic model at large distances from the source.
The oxidation state of samples containing group B clinopyroxene tends to be generally higher than that recorded by group A, although there is a degree of overlap (Fig. 14) . Several samples have Dlog fO 2 values > FMQ þ 1, whereas others lie between FMQ þ 0Á5 and FMQ þ 1. The one sample with a Dlog fO 2 < FMQ þ 0Á5 (27-2) has clinopyroxene with a REE pattern transitional to that of group A (Supplementary Data Electronic Appendix 1). The group C clinopyroxene signature includes a steady increase in REE concentration going from HREE to MREE and LREE (Nd/Yb > 5; Figs 6 and 7), indicating another type or degree of metasomatism. The differences in the degree of melt extraction calculated from Lu-Yb systematics in clinopyroxene compared with that based upon Cr# in spinel implies variable addition of HREE through metasomatic interactions (Fig. 10) . The strongest enrichment in Yb, as well as in Dy, is found in a wehrlite from Ray Pic (RP87-7) and the overprinted clinopyroxenes of STMA-B (Fig. 12a and b) . In contrast, a subset of group C clinopyroxenes exhibits lower Yb and Dy compared with that expected from partial melting, following the Ti-Yb and Ti-Dy systematics in Fig.  12b and 12a , respectively. This subset also records low Lu/Hf for a given Hf concentration (Fig. 15) , which we interpret as indicating that they are secondary clinopyroxene, formed during metasomatism. As a result, the low Dy and Yb concentrations are characteristic of the metasomatic agent from which the clinopyroxenes crystallized, rather than being attributable to a previous depletion during partial melting. Whereas many group C clinopyroxenes have lower Ti/Eu than those of group A (<2000), others have similar ratios, including those in samples 11-1, FR10 and FR11, which have Lu/Hf-Hf systematics indicative of a secondary origin (Figs 13  and 15 ).
In the context of the reactive flow model, the group C signature is similar to the type 2 clinopyroxene described by Ionov et al. (2002) , which lie closer to the metasomatic source than the B-type patterns. Indeed, the occurrence of secondary clinopyroxene in several of the samples supports this scenario. However, the observed variations in HREE concentration, Zr/Hf and Ti/Eu ratios, and the general absence of strong positive Sr anomalies (Supplementary Data Electronic Appendix 1) argue against all C-type trace element signatures being produced by reactive flow of a single type of metasomatic agent. Thus, as with group B clinopyroxene, those with a group C signature also appear to have developed from more than one type of metasomatic interaction, in part resulting in localized modal addition to the peridotite assemblage. This conclusion is also supported by lack of correlation between fO 2 and depletion or enrichment of a particular trace element, which implies interactions with different agents having different oxidation states. Although samples containing secondary clinopyroxene tend to lie at the high end of the Dlog fO 2 range (up to >FMQ þ 1Á5; Fig. 14) , FR10 records the lowest Dlog fO 2 value of all xenoliths with C-type clinopyroxene (Fig. 14) . This is a further indication of different metasomatizing agents being more or less oxidizing.
The signature of group D clinopyroxene is characterized by strong LREE enrichment overprinting a generally refractory and geochemically depleted protolith (Fig. 6) . Virtually all group D clinopyroxenes exhibit high Lu/Hf ratios, which are often much greater than 1Á0 (Fig. 15) . This results from much lower Hf concentrations (by a factor of $10) compared with clinopyroxenes of group A, even though Lu contents are also relatively low (Table 3 ; Supplementary Data Electronic Appendix 1).
Further characteristics of the group D signature are a variable Zr/Hf ratio (Fig. 9a) , generally much lower than the value of 29 for clinopyroxene in a primitive mantle assemblage (Supplementary Data Electronic Appendix 2), and very low Zr and Hf concentrations that produce large negative anomalies in chondrite-normalized trace element diagrams (Fig. 17a-c) . These clinopyroxenes collectively define an array in Ti/EuÀZr/Hf space away from the group A signature towards increasing Ti/Eu and strongly decreasing Zr/Hf (Fig. 13) . This vector is not related to partial melting, so it must represent a specific metasomatic fingerprint that is different from all other types previously described.
Except for 11-LU2, all samples with group D clinopyroxenes have Dlog fO 2 values ! FMQ þ 0Á9. Thus, a further fingerprint of group D is a relatively high oxygen fugacity.
Metasomatic agents
Although evidence for multiple metasomatic events in several of the samples complicates their interpretation, the geochemical fingerprints described above provide important constraints on the nature of the melts or fluids that have migrated through the SCLM beneath the FMC. A variety of agents are conceivable, including mafic to ultramafic silicate melts, carbonatitic melts and supercritical CO 2 -H 2 O-rich fluids (e.g. Yaxley & Green, 1991; Rudnick et al., 1993; Coltorti et al., 1999; O'Reilly & Griffin, 2013) . Several samples, such as 78-LU3 and the group A clinopyroxenes of 53A-1, exhibit evidence of having been refertilized by silicate melts similar to those produced during partial melting. In these cases, trace element concentrations in clinopyroxene have become reset to a more fertile lherzolitic composition that is not compatible with the high Cr content of spinel and the relatively Mg-rich olivine characteristic of harzburgite. Refertilization may have even occurred in the latest stages of a partial melting event by reassimilating transiting melt that became trapped in the peridotite matrix.
Attempts have been made to identify particular trace elements or element ratios that can discriminate between silicate or carbonatitic melt metasomatism (e.g. Yaxley & Green, 1991; Yaxley et al., 1998; Rudnick et al., 1993; Klemme et al., 1995; Coltorti et al., 1999; Ionov et al., 1999; Gré goire et al., 2009) . As both types can produce LREE enrichment and can lead to wehrlitization (Rivalenti et al., 1996) , a single parameter such as La/Yb is inadequate as a discriminant. From empirical observations and experimental studies of crystal-melt element partitioning, a combination of low Ti/Eu (< $1200) and low Zr concentration, together with a high (La/Yb) N , is considered indicative of carbonatite metasomatism (e.g. Yaxley & Green, 1991; Rudnick et al., 1993; Klemme et al., 1995; Coltorti et al., 1999; Blundy & Dalton, 2000) . A couple of samples in our suite possess the Ti/Eu and (La/Yb) N signature expected for carbonatite metasomatism: wehrlite RP87-7 from the southern domain and the overprinted clinopyroxene in STMA-B from the northern domain (both belonging to group C; Fig. 18 ). They also have suprachondritic Zr/Hf (Fig. 19) , which would be expected considering the relative partitioning of these two elements between clinopyroxene and carbonatite melt (Adam & Green, 2001 ) and results in a stronger depletion in Hf relative to Zr (e.g. Fig. 20a ). This type of metasomatic agent was also fairly oxidizing, resulting in Dlog fO 2 values of $FMQ þ 1.
In contrast, Coltorti et al. (1999) suggested that clinopyroxenes with Ti/Eu ratios > 1500 and more modest (La/Yb) N values (<3À4) are related to alkali silicate melt metasomatism. Many of our samples have clinopyroxenes that plot in this field, particularly those from group A (Fig. 18) . Although some may actually record the effects of partial melting rather than metasomatism, those with Ti/Eu less than the value expected for clinopyroxene in a primitive mantle assemblage (Ti/ Eu ¼ 4742; see Supplementary Data Electronic Appendix 2) should reflect variable degrees of metasomatic interaction with a silicate melt. Group B clinopyroxenes also have Ti/Eu values within this range, but they tend to have higher (La/Yb) N (up to $20) than the field defined by Coltorti et al. (1999) . We consider that these clinopyroxenes have been metasomatized by alkali silicate melts at a distance from the source where chromatographic effects have led to enhanced LREE enrichment (i.e. Ionov et al., 2002) . These clinopyroxenes have near-chondritic Zr/Hf (Fig. 19) , consistent with no significant Zr-Hf fractionation during this type of metasomatic interaction. This type of interaction yielded variable oxidation states from Dlog fO 2 ¼ FMQ þ 0Á2 to > FMQ þ 1, depending on the exact composition of the migrating melt.
Group C clinopyroxenes in samples 53A-1, 28-4, 28-5 and LEs1 lie close to the carbonatite field with Ti/Eu values of 1000-2000 (Table 3 , Fig. 18 ). These could represent metasomatism by a carbonated mafic silicate melt (Gré goire et al., 2009) with the resulting clinopyroxenes exhibiting characteristics transitional between those expected for interaction with alkali silicate and carbonatite melts. They are enriched in Eu and have variable negative Zr and Hf anomalies (e.g. Fig. 20a and b) . This type of metasomatic agent was somewhat less oxidizing than a carbonatite melt, resulting in Dlog fO 2 values of FMQ þ 0Á5 to FMQ þ 0Á8.
The geochemical signature of group D clinopyroxenes is very different with elevated Ti/Eu ratios (up to 20 000), significantly exceeding the value of 4742 for primitive mantle clinopyroxene (see Supplementary Data Electronic Appendix 2). Although their (La/Yb) N lies in the same range as that for clinopyroxene overprinted by silicate metasomatism, the very high Ti/Eu ratios are not consistent with the field delineated by Coltorti et al. (1999) (Fig. 18) . The high Ti/Eu values are also not related to Fe-Ti metasomatism, but result from stronger relative depletion of Eu compared with Ti (Supplementary Data Electronic Appendix 1). The large negative Zr and Hf anomalies (e.g. Fig. 17a and b) led Wittig et al. (2006) and Downes et al. (2015) to suggest that these samples reflect an overprint from either carbonatite melt or fluid metasomatism. However, the extremely high Ti/Eu values argue against a carbonatitic melt, leaving fluid metasomatism the more likely candidate. In fact, Wittig et al. (2006) proposed that the northern domain had interacted with subduction-related fluids during the Variscan orogeny. Such fluids would be expected to contain low concentrations of less mobile elements, including Ti, Eu, Zr and Hf, but elevated concentrations of more mobile elements such as the LREE, which fits the trace element signature of the group D clinopyroxenes. A mantle wedge environment is also consistent with the generally more refractory character of the northern domain SCLM (Lenoir et al., 2000; Downes et al., 2003) , resulting from extensive flux melting. A further characteristic of subduction-related fluids is that they should be rather oxidizing (e.g. Brounce et al., 2014; Bé nard et al., 2016) and the depleted harzburgites with group D clinopyroxenes record Dlog fO 2 values > FMQ þ 1.
Peridotite xenoliths containing substantial amounts of amphibole have been described from Maré e de Limagne by Touron et al. (2008) . Coexisting clinopyroxene in their samples exhibits LREE enrichment similar to our group B, and Ti/Eu ratios of 2300 À 3400, suggesting that amphibole is the modal expression of silicate melt metasomatism ( Fig. 18 ; Coltorti et al., 1999) . Our amphibole-bearing samples contain only trace amounts and many of these samples contain clinopyroxene belonging to group A or C. This amphibole must have formed from a further type of metasomatic agent unrelated to those already described. The absence of any notable trace element signature related to the presence of amphibole suggests that they formed from small amounts of dilute H 2 O-rich fluids that were otherwise incapable of imparting any characteristic geochemical signature to the peridotite. Even the oxidation state of amphibole-bearing peridotites is not particularly high compared with samples that were affected by other 
Multiple metasomatic events
The metasomatic interactions described above cannot be attributed to a single event. Several samples provide direct evidence for multiple events involving different metasomatic agents. Samples with group D clinopyroxene occur only in the northern domain, which strongly suggests that this subduction-related metasomatism must have taken place prior to amalgamation of the two mantle domains, rather being a result of sampling from different depths. The occurrence of group B clinopyroxenes together with group D clinopyroxenes in sample LA-F (Figs 4f and 17c) indicates that a second type of metasomatism has led to an increase in MREE concentration, a decrease in Ti/Eu (Fig. 19) , as well as a strong change in Zr/Hf from subchondritic to suprachondritic values ( Fig. 9a and b) . As such differences, particularly in Zr/Hf, cannot be explained by reactive flow, this implies that the metasomatic agent that produced the B-type clinopyroxenes overprinted the older group D signature. From the Zr/Hf-Ti/Eu systematics of group B clinopyroxenes, we suggest that this was a carbonatitic melt and that their current trace element composition with still relatively high Ti/Eu represents a mixed signature ( Fig. 19 ; see Supplementary Data Electronic Appendix 1). Considering that oxidation state can be rapidly reset, the Dlog fO 2 value of this sample (FMQ þ 1Á03; Uenver-Thiele et al., 2014) should reflect more the conditions from the B-type overprinting than the earlier event that produced the group D signature. This supports the contention of Lenoir et al. (2000) that the composition of the SCLM beneath the northern domain is a result of overprinting from multiple events rather than from a single metasomatic episode. Further unequivocal evidence for multiple metasomatic events is found in sample STMA-B with its two different clinopyroxene populations whose trace element signatures indicate distinct types of interaction and metasomatic agents. Interaction with a carbonatite melt led to an overprint of pre-existing clinopyroxenes, which generated the C-type clinopyroxenes. Subsequent percolation of a carbonate-bearing silicate melt crystallized secondary clinopyroxene, with distinctly different Lu-HfZr systematics. A similar situation holds for northern domain sample 53A-1 (Puy de Beaunit) where C-type secondary clinopyroxene postdates an earlier event in which group A clinopyroxene was produced by refertilization (see above). There is no doubt that other samples in our suite contain clinopyroxene that records a 'mixed' trace element signature inherited from multiple events and agents (i.e. Mb57); however, the apparent occurrence of only one type of clinopyroxene in these samples makes their interpretation more ambiguous than the examples described above.
Xenoliths containing traces of amphibole are found at localities across the southern mantle domain. The fact that amphibole occurs in samples containing group A or C clinopyroxenes indicates that amphibole formation is independent of the degree of REE enrichment and must be related to a different event in which only small amounts of dilute H 2 O-rich fluids caused minor hydration of the peridotite assemblage. These fluids differ significantly in composition from the subductionrelated fluids that imparted the LREE-enriched signature on clinopyroxenes from the northern domain. The relative timing of the amphibole-forming event remains uncertain.
Secondary clinopyroxene occurs in both mantle domains. In the southern domain wehrlite RP87-7, it appears to have crystallized from a carbonatite melt, whereas signatures of secondary clinopyroxene in samples such as MC-B, STMA-B and others suggest formation during silicate melt metasomatism. This implies that secondary clinopyroxene is not diagnostic of either a particular mantle domain or a specific metasomatic agent.
CONCLUDING REMARKS
Spinel peridotite xenoliths brought to the surface by volcanic activity in the French Massif Central have sampled the underlying SCLM over an area of $20 000 km 2 . Estimates of the degree of melt extraction based upon the Cr# in spinel range from 1 to 20%, with higher degrees generally observed in the northern domain.
Modeling of Lu-Yb concentrations in clinopyroxene yields a similar range of melting. However, significant differences between the two approaches and intersample variations provide evidence for HREE mobility during metasomatism that compromise the assessment of partial melting degree based upon clinopyroxene composition for samples that have been strongly overprinted. REE signatures of clinopyroxene allow our samples to be placed into four major groups according to their degree of enrichment in LREE and MREE; characteristic values of La/Ce and Nd/Yb, with variations in other trace elements, are consistent with these groupings. One type of signature, group D, is characteristic of the northern domain and its occurrence in clinopyroxenes from Les Angles ('LA' in Fig. 1 ) suggests that the boundary between the northern and southern domains lies somewhat further to the south (at 45 20'N) than that originally proposed by Lenoir et al. (2000) . The majority of samples have been affected by cryptic metasomatism and different signatures are indicative of multiple metasomatic events at a regional as well as a local scale. Modal metasomatism is expressed in some samples by traces of amphibole or secondary clinopyroxene. Even if not texturally apparent, secondary clinopyroxene can be identified by its lower Lu/Hf ratio compared with overprinted clinopyroxene.
Combining our new trace element data for clinopyroxene with oxidation state measurements for the same xenoliths (Uenver-Thiele et al., 2014) permits a fuller picture of the consequences of the different metasomatic interactions. The presence of amphibole in southern domain samples and the absence of any distinctive REE signature of clinopyroxene within those samples suggest that they formed from small amounts of dilute H 2 O-rich fluids, without any significant effect on the geochemical signature of the coexisting clinopyroxene or the oxygen fugacity of the peridotite, except for minor hydration. On the other hand, northern domain samples with 'tick-shaped' REE signatures of clinopyroxene (group D) are consistent with metasomatism of depleted peridotite by subduction-related fluids. Such fluids are expected to be oxidizing and contain small amounts of less mobile elements, including Ti, Eu, Zr and Hf, but elevated contents of more mobile elements such as LREE. These samples record Dlog fO 2 values > FMQ þ 1.
The few samples that we interpret to have undergone carbonatite metasomatism (STMA-B, RP87-7) by virtue of their very low Ti/Eu and suprachondritic Zr/Hf values also record oxidizing conditions, with Dlog fO 2 values > FMQ þ 1. Sample LA-F, as expressed by its group B-like clinopyroxenes, experienced a second overprinting by a carbonatitic melt (Fig. 17c) , and also records Dlog fO 2 $ FMQ þ 1.
Many samples have been affected by silicate melt metasomatism and record Dlog fO 2 values $ FMQ þ 0Á4 6 0Á5. REE patterns of clinopyroxene vary from LREE-depleted to relatively flat (group A), indicating small but variable metasomatic enrichments in the more mobile elements. This variability can be attributed to chromatographic effects in the context of a reactive flow model. The more modest oxidation states of these samples are still elevated compared with the global average for non-cratonic SCLM of FMQ -0Á68 log units reported by Foley (2011) . However, other samples have geochemical characteristics inconsistent with this scenario. For example, clinopyroxene in some samples exhibits distinctly lower Ti/Eu values, approaching those expected for carbonatite metasomatism (e.g. Coltorti et al., 1999) . These samples may have interacted with carbonated-silicate melts having variable composition that imposed oxidation states at the high end of the range observed for silicate melt metasomatism (Dlog fO 2 values up to $ FMQ þ 0Á9).
Some samples exhibit evidence for having been overprinted by more than one metasomatic event, either by the presence of more than one type of clinopyroxene or by a trace element signature that is inconsistent with any single type of metasomatism. The presence of more than one type of clinopyroxene in a single xenolith also has implications for interpreting trace element data in studies that rely on bulk analysis of clinopyroxene separates. This study illustrates the variety of metasomatic interactions that can take place in the SCLM, producing geochemical and redox heterogeneities at the regional and local scale.
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